BACKGROUND: Business literature has demonstrated the importance of networking and connections in career advancement. This is a little-studied area in academic medicine. OBJECTIVE: To examine predictors of intra-organizational connections, as measured by network reach (the number of first-and second-degree coauthors), and their association with probability of promotion and attrition. DESIGN: Prospective cohort study between 2008 and 2012. SETTING: Academic medical center. PARTICIPANTS: A total of 5787 Harvard Medical School (HMS) faculty with a rank of assistant professor or fulltime instructor as of January 1, 2008. MAIN MEASURES: Using negative binomial models, multivariable-adjusted predictors of continuous network reach were assessed according to rank. Poisson regression was used to compute relative risk (RR) and 95 % confidence intervals (CI) for the association between network reach (in four categories) and two outcomes: promotion or attrition. Models were adjusted for demographic, professional and productivity metrics. KEY RESULTS: Network reach was positively associated with number of first-, last-and middle-author publications and h-index. Among assistant professors, men and whites had greater network reach than women and underrepresented minorities (p<0.001). Compared to those in the lowest category of network reach in 2008, instructors in the highest category were three times as likely to have been promoted to assistant professor by 2012 (RR: 3.16, 95 % CI: 2.60, 3.86; p-trend <0.001) after adjustment for covariates. Network reach was positively associated with promotion from assistant to associate professor (RR: 1.82, 95 % CI: 1.32, 2.50; p-trend <0.001). Those in the highest category of network reach in 2008 were 17 % less likely to have left HMS by 2012 (RR: 0.83, 95 % CI 0.70, 0.98) compared to those in the lowest category.
INTRODUCTION
Several studies have shown that minorities and women are less likely to be promoted and more likely to leave academic medical institutions. [1] [2] [3] [4] Faculty members who leave their institutions report feeling disconnected from the organization, that they lack an academic community, and that their careers are not progressing. 5 Isolation and exclusion are particularly problematic with respect to productivity and advancement in an academic medical research environment, where collaborative science has become an increasingly important component of the landscape. 6, 7 A network of productive colleagues is among the strongest predictors of research publications, productivity, retention and advancement of academic faculty and of career satisfaction among medical school faculty. [8] [9] [10] [11] [12] A survey of academic physician educators indicated that their association with people including mentors and peers was an essential element for career fulfillment. 9 At the organizational level, connections are seen within organizational units that provide the context in which faculty work and train (e.g., labs, centers, divisions, departments). Yet many underrepresented minorities (URMs) and women are marginalized within organizations, including being under the radar, underutilized and hidden talent. Depending on the environment, women are largely viewed individually, while men are viewed in terms of their network and connections. 13 Creating an organizational climate that fosters networking 14 is a potential strategy for social integration and inclusion of faculty, particularly URMs and women, in academic medicine.
Numerous studies have examined the importance of networking and connections in business and entrepreneurship as a way of identifying new opportunities and obtaining capital, [15] [16] [17] but this has not been investigated among faculty in academic medicine. 18 Given the emphasis in academic medicine on scholarship and publication, co-authorship may be among the most critical connections in faculty careers. The structure of coauthor networks has a significant impact on career outcomes, including scientific productivity. 19 Coauthorship of a published manuscript is evidence of a connection between two or more authors, and collectively, these relationships form a coauthor network. 20 Coauthor networks within an institution can represent relationships and connections with people, as well as the potential for flow of information, reputation, and plans for future collaboration. 21 Social capital theory holds that relationship ties within an individual's social network provide access to assets, advice, opportunities and information. 22 These connections may be particularly important for junior faculty as they build their scientific careers. 23 Supporting this theory, empirical studies have found that highly productive researchers are those with the highest numbers of research collaborators. 24 Cross and colleagues (2004), however, found that colleague network size may function independently from scientific output such as published manuscripts and grants awarded. 25 Coauthor networks within an organization may be influenced by factors such as the number of coauthors per publication, faculty publishing repeatedly with the same coauthors or widely with a larger set of coauthors, and the proportion of coauthors within versus outside the organization.
Using data on faculty at Harvard Medical School as of 2008, we aimed to identify predictors of intra-organizational connections as measured by network reach (the number of first-and second-degree coauthors), and to determine the association between network reach and two outcomes, promotion and attrition.
METHODS

Study Population
The study population included HMS faculty with an appointment as either full-time instructor or as full-time or part-time assistant professor as of January 1, 2008 (N=5787).
Data Sources
Data are from the Harvard Pathways data repository, which aggregates information on HMS faculty from multiple existing sources-HMS administrative systems provide demographic data and professional characteristics, and a publicly available online directory and social networking tool for Harvard faculty, Harvard Catalyst Profiles ("Profiles") captures facultyauthored publication.
26 Race/ethnicity is collected by the affiliated hospitals via affirmative action reports submitted with new-hire paperwork. Data collection, usage and security is governed by an institutional data use agreement and overseen by the HMS Committee on Human Subjects (M19492-101).
Profile Publication Data
Details of the Profiles publication data have been described elsewhere. 27 In brief, automatic processes regularly import articles from MEDLINE using a name disambiguation algorithm based on the technique described by Torvik and Smalheiser. 28 In addition to imported articles from MEDLINE, several one-time bulk uploads of publication data from faculty promotion databases and commercial publication sources have been added to the database; faculty can manually add or remove publications. Only publications in Profiles that could be associated with PubMed IDs were used in this study.
Intra-organizational Network "Reach"
We constructed faculty intra-organizational coauthor networks as of 2008 using Profiles data, with faculty as the vertices (nodes) and their coauthor relationships as the edges (connections). On July 1, 2008, Profiles contained approximately 21,000 faculty and 200,000 connections. Connections to people outside the Profiles population, such as research staff or students at Harvard, and researchers at other institutions are not included in network metrics. The network graph is undirected and unweighted-the connection or relationship between two people who coauthored one publication is treated the same as two people who coauthored 50 publications.
An individual faculty member's intra-organizational coauthor network "reach" is defined as the distinct number of other faculty within two co-authorship "hops" (i.e., the sum of the number of distinct degree 1 and degree 2 coauthors). This captures both a person's coauthors and the coauthors of coauthors. It is the number of faculty an individual faculty member can easily "reach" because they have either directly collaborated with them on a publication in the past or have a colleague in common.
Publication Metrics
For each faculty member, we calculated the number of publications according to authorship order (first, middle or last), h-index, total number of citations across publications, average number of citations per publication and most citations of a single publication (top citation count) in 2008.
Promotion
We defined promotion as progression from instructor to assistant professor or from assistant to associate professor. We determined whether faculty had been promoted by December 31, 2012. 
Demographic and Professional Characteristics
We categorized race as URM (African-American, Hispanic or American Indian), Asian or Pacific Islander (API) or white. We categorized current rank as instructor (full-time) or assistant professor (full-and part-time). Terminal degree was defined as the highest educational degree attained, with degrees classified as follows: medical (MD, MBBS, DO, etc.), doctoral (PhD, ScD, PsyD, PharmD, EdD), medical/doctoral (any combination of listed MD or PhD degrees) or other (MBA, JD, etc.). A historical job title of HMS "research fellow" or "clinical fellow" defined individuals who participated in HMS fellowship training. We defined work status as full-time or part-time. Discipline was categorized as anesthesia, medicine, neurology, pediatrics, psychiatry, radiology, surgery or other.
Data Analysis
We stratified faculty by discipline and used negative binomial models to understand the influence of our hypothesized predictors on network reach (as a continuous variable). Estimates are presented for instructors and assistant professors. Hypothesized predictors included demographic and professional characteristics and publication metrics. Due to a large number of faculty with zero coauthors, we used Vuong tests to assess whether zero-inflated models were necessary (p>0.05). Generalized estimating equations generated robust standard errors. Adjustments were made for work status, number of first-, middle-and last-author publications, top citation count, h-index, terminal degree, time in rank and history of Harvard fellowship. The variance inflation factor was below 5 for all covariates. Interaction between intra-organizational coauthor network reach, race and gender was evaluated by comparing models with and without cross-product interaction terms and tested using likelihood ratio tests. We ran sensitivity analyses including evaluation of first-and second-degree network size as separate outcomes, and restricting our sample to faculty appointed within a single year (July 1, 2007 to June 30, 2008) .
Poisson regression was used to generate relative risk (RR) values and 95 % confidence intervals (CI) for the association between network reach categories in 2008 Total N=3669
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Category (using rank-specific cutpoints) and probability of promotion by 2012, as well as probability of leaving HMS by 2012. We divided network reach into four categories. Separate category cutpoints were estimated for instructors and assistant professors based on the distribution of network reach among faculty at each rank. Among instructors, we created a category for all faculty with network reach of zero. Instructors with network reach values greater than zero were then divided into tertiles, for a total of four categories. The assistant professors were categorized into quartiles. Models were stratified by discipline, and robust standard errors were generated. Since criteria for promotion and distribution of network reach differed by rank, separate models for each starting rank (instructor or assistant professor) were run. Estimates adjusted for age and time in rank only and multivariable models with additional adjustment for the full list of covariates included in our model for network reach are presented. Work status was not included in the promotion model for instructors, as part-time instructors were excluded; however, work status was included in the promotion model for assistant professor. P values are two-sided and use a significance level of 0.05. Analyses were performed using SAS version 9.3 statistical software (SAS Institute Inc., Cary, NC, USA). Tables 1 and 2 show the characteristics of faculty stratified by rank, in total and according to coauthor network reach category. Instructors had a median network reach of 14.0 and median of 2.0 publications (Table 1) , while assistant professors had a median network reach of 132.0 and 14.0 publications (Table 2 ). Network reach was lower for URMs and women compared to whites and men, as both groups were overrepresented in the lowest categories of network reach among instructors and assistant professors. Faculty aged 60 years and older represented 23.4 % of the total assistant professor population but only 8.5 % of faculty in the highest category of network reach. In multivariable adjusted models, there was no gender difference in network reach (Table 3) . URM faculty had lower network reach than whites among instructors (RR: 0.75, 95 % CI: 0.59, 0.96) and assistant professors (RR: 0.79, 95 % CI: 0.62, 1.00). API faculty had Total N=2118
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Category (Table 4 ). In models adjusted for age and time in rank, greater network reach was associated with higher probability of promotion. Those in the highest category were over three times as likely to have been promoted as those in the lowest category (RR: 3.59, 95 % CI: 3.03, 4.25). In the multivariable adjusted model, those in the highest network reach category were still more than three times as likely to have been promoted (RR: 3.16, 95 % CI: 2.60, 3.86). In the multivariable adjusted model, other predictors of promotion to assistant professor included age, time in rank and number of first-author publications (data not shown).
Promotion to associate professor occurred for 22.0 % of assistant professors (Table 4 ). In models adjusted for age and time in rank, those in the highest category of network reach in 2008 were over three times as likely to have been promoted by 2012 as those in the lowest category (RR: 3.07, 95 % CI: 2.32, 4.06). The association was attenuated, but remained significant, in the multivariable adjusted model (RR: 1.82, 95 % CI: 1.32, 2.50). In the multivariable adjusted model, other predictors of promotion to associate professor included age, time in rank, number of first-author publications and number of lastauthor publications (data not shown).
Faculty attrition from HMS between 2008 and 2012 was 21.2 % (Table 5 ). In the age-adjusted model, faculty in the highest reach category were 21 % less likely to have left HMS than those in the lowest category (RR: 0.79, 95 % CI: 0.69, 0.91). After adjustment for demographic, professional and productivity factors, the association was slightly attenuated but remained significant (RR: 0.83, 95 % CI: 0.70, 0.98). In the multivariable adjusted model, other predictors of attrition included age, time in rank, rank, full-or part-time status, terminal degree and race (data not shown).
We found no evidence of statistical interaction between network reach and race or gender (p>0.05). Results were not significantly changed in sensitivity analyses where first-or second-degree network size was the dependent variable or when we restricted our sample to faculty who were appointed within a single year (1 July 2007 to 30 June 2008).
DISCUSSION
HMS junior faculty with greater intra-organizational coauthor network reach in 2008 were more likely to have been promoted and less likely to have left the institution by 2012. The associations we observed were independent of productivity metrics such as number of first-, middle-and last-author publications and h-index. These results suggest that while productivity metrics play a role in promotion, connections matter. Intra-organizational network reach represents relationships that are solidified by the production of publications.
Our study demonstrates that data from administrative databases can be combined with faculty coauthor network data to examine factors related to faculty promotion and retention. Within one academic medical center and across multiple disciplines, network reach was positively related to promotion and retention. This suggests that internal connections should be considered in designing, implementing and evaluating faculty development programs, and more generally in programs that enhance diversity inclusion and foster supportive environments in academic medicine. While this study was conducted at a single institution, it could be replicated at institutions across the nation. The coauthor network data used in this analysis come from Profiles Research Networking Software that is available for free under an open source license, and has been implemented at over 40 institutions, including Boston University and the University of California at San Francisco. 29, 30 Our findings can and should be examined in other settings.
We identified several significant demographic and bibliometric predictors of intra-organizational coauthor network reach. Among assistant professors, when we adjusted for productivity metrics such as number of publications, no gender differences in network reach were found, although networks were smaller for URM faculty than white faculty. URM and API instructors also had lower 31 At least one study found that URM and female faculty in the sciences had larger self-reported collaborator networks overall compared to white and male faculty; however, they were more productive with external than internal collaborators. 23 Our current study did not examine the relative proportion of faculty networks that were within versus outside HMS. It will be important in the future to understand the relationships between intra-organizational network reach and external network reach and whether these relationships vary by race/ethnicity and/or gender. It is also important to understand how research topic 32 and demographic composition of networks and homophily may contribute to racial and gender differences in network reach.
Network reach includes the cumulative publication history of each faculty member through 2008. Publication patterns have changed over time, and this has implications for our findings. For example, between 1956 and 1980, 69.5 % of papers had a single author, yet only 15.5 % had a single author between 2001 and 2008. 32 This may contribute to the inverse association between network reach and age found in this study. Older faculty and those who have been in an organization for a longer period may have more colleagues that are no longer a part of the organization, having moved to another institution or retired. This would result in lower intra-organizational network reach.
How might network reach influence promotion and attrition? Larger networks can provide more new and diversified resources than smaller networks. 33 Literature suggests that the structure of coauthor networks has a significant impact on career outcomes, including scientific productivity. 19 Larger networks may be markers of visibility, providing opportunities for increased awareness by other faculty and administrators, and thereby serving as vehicles for conveying one's reputation to others to whom one is not directly connected. For junior faculty, networks may be influenced by patterns of inclusion, supportive environments and mentoring. Social networks may provide benefits to individuals through access to embedded resources. 34, 35 For example, effective mentors who are well connected may connect mentees with other well-connected members of their network. adjusted for age and time in rank plus race, gender, terminal degree, prior HMS fellowship, top citation count, h-index, number of publications, number of first-author publications; ‡ adjusted for age and time in rank plus race, gender, terminal degree, prior Harvard fellowship, full-time work status, top citation count, h-index, number of first-author publications, number of middle-author publications and number of last-author publications. RR relative risk, MV multivariable
Moving forward, we must understand how faculty coauthor networks map onto individual's perceived networks, including any instrumental (e.g., influence, communication, advice) and expressive (e.g., friendship) functions. 37, 38 Also unknown are the mechanisms by which information and other capital are exchanged, as well as how strength of network ties 39 versus number of connections may influence promotion or attrition. Authorship order may matter-a stronger or more meaningful relationship may exist when coauthors are first and last authors or first and second authors, than for relationships among middle authors. In this study, network calculations did not weight relationships for author order or the number of times papers were coauthored. However, adjustments were made for number of first/middle/last-author papers.
Study limitations include difficulty disambiguating common names or name changes. Coauthor network reach is a PubMed publication-based metric, and may not fully capture other salient metrics relevant to the advancement of all faculty types, such as clinician educators. Not all types of HMS coauthor relations are captured-only those in MEDLINEindexed journals. This study was conducted at a single institution with a strong research focus, and study results may not be fully generalizable to other institutions, including those with a less intensive research focus. However, the central construct of intra-organizational connections in relation to promotion and attrition can be examined elsewhere.
In conclusion, we found that HMS faculty with greater network reach were more likely to have been promoted and less likely to have left the institution by 2012. These results highlight the importance of connection and suggest that coauthor relationships contribute to advancement and retention in academic medicine.
